Tissue damage and its downstream consequences are experimentally assayed by formaldehyde application, which indiscriminately modifies proteins and is presumed to cause pain through broadly acting mechanisms. Here we show that formaldehyde activates the ion channel TRPA1 and that TRPA1-deficient mice exhibit dramatically reduced formaldehyde-induced pain responses. 4-Hydroxynonenal, a reactive chemical produced endogenously during oxidative stress, and other related aldehydes also activate TRPA1 in vitro. Furthermore, painful responses to iodoacetamide, a nonspecific cysteine-alkylating compound, are abolished in TRPA1-deficient mice. Therefore, although these reactive chemicals modify many proteins, the associated pain appears mainly dependent on a single ion channel.
Introduction
Pain information begins at free nerve endings of specialized sensory neurons called nociceptors (Julius and Basbaum, 2001) . Tissue injury causes these nerve terminals to depolarize, sending a danger signal to the brain. TRPA1, a member of the transient receptor potential (TRP) family of ion channels expressed in nociceptive neurons, is activated by reactive chemicals such as cinnamaldehyde, mustard oil, and iodoacetamide (IA) that form covalent adducts with free cysteines and lysines in numerous proteins (Story et al., 2003; Bandell et al., 2004; Jordt et al., 2004; Bautista et al., 2005; Macpherson et al., 2005; Hinman et al., 2006; Dhaka et al., 2007; Macpherson et al., 2007) . The small saturated aldehyde formaldehyde reacts with a variety of amino acids by nucleophilic addition, can irreversibly crosslink proteins, and is used in standard assays for pain and inflammation attributable to tissue damage (Tjolsen et al., 1992; Metz et al., 2004) . 4-Hydroxynonenal (4-HNE) is an ␣,␤-unsaturated hydroxyalkenal that is produced by lipid peroxidation in cells during oxidative stress. It can bind to cysteine, histidine, and lysine residues in proteins via a Michael addition reaction (Uchida, 2003) . Because of this reactivity, we hypothesized that formaldehyde, 4-HNE, and other aldehydes might activate TRPA1.
Materials and Methods
4-HNE was purchased from EMD Biosciences (San Diego, CA). All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO). Ratiometric calcium imaging, Fluorometric Imaging Plate Reader (FLIPR), and electrophysiology were performed essentially as described previously (Macpherson et al., 2007) . Inside-out patches were derived from HEK293T cells transiently transfected with mTRPA1-IRES-YFP and maintained in growth medium with or without 10 M ruthenium red at 37°C for 1 d, followed by 33°C for 1-2 d. Cells were continuously perfused at 27-28°C with 0 Ca buffer containing (in mM) 124.5 NaCl, 2 MgCl 2 , 10 HEPES, and 5 EGTA, pH 7.4, in the absence or presence of 1 mM formaldehyde [37% stock diluted directly into buffer (0.008%)]. Fire-polished recording electrodes had resistances of 3-5 M⍀ when containing 0 Ca buffer. All behavioral analyses were conducted on littermate mice 6 -16 weeks old, at room temperature (22-24°C). Animals were acclimated for at least 20 min to their testing environment before all experiments (Dhaka et al., 2007 ). Student's t test was used for all statistical calculations.
Results and Discussion
Formaldehyde activated heterologously expressed TRPA1 assayed by ratiometric Ca 2ϩ imaging and FLIPR ( Fig. 1 A and data not shown). The EC 50 value (357 M) was determined by fitting the curve to a nonlinear regression sigmoidal concentration response model. Longer-chain aldehydes (C3-C12, expected to be less reactive because of steric hindrance and/or electron-donating effects of the extended R group) do not activate TRPA1, whereas acetaldehyde activates TRPA1 to a lesser extent than formaldehyde ( Fig. 1 , left; and data not shown).
Although numerous natural compounds have been found to activate TRPA1, an endogenous chemical activator of TRPA1 remains unidentified. Similar to TRPA1 agonists cinnamaldehyde and acrolein, 4-HNE is an ␣,␤-unsaturated aldehyde and is produced by lipid peroxidation in cells during oxidative stress. Considered to be the compound primarily responsible for the pathological effects of oxidative stress, 4-HNE can bind to cysteine, histidine, and lysine residues in proteins via Michael addi-tion reaction (Uchida, 2003) . We find 4-HNE to be a potent activator of TRPA1, with an EC 50 of 13 M (Fig. 1 B and data not shown). This is physiologically relevant, because oxidative stress is thought to cause accumulation of HNE at 10 M to 5 mM in membranes (Uchida, 2003) . Other highly reactive ␣,␤-unsaturated aldehyde compounds were also tested to see whether all such chemicals activate TRPA1. C4 -C8 ␣,␤-unsaturated aldehydes activated heterologously expressed TRPA1 with EC 50 values between 10 and 20 M (Fig. 1 B) . Longer carbon chains (C9 -C11) were unable to activate TRPA1 or produced high background Ca 2ϩ levels in Chinese hamster ovary (CHO) cells (data not shown). Furthermore, none of the compounds tested activated TRPV1, the capsaicin-, heat-, and pH-activated ion channel coexpressed with TRPA1 in the dorsal root ganglion (DRG) (Fig. 1) (Story et al., 2003) .
We then assayed the effect of formaldehyde on TRPA1 electrophysiologically. A pulse of 1 mM formaldehyde to inside-out patches expressing TRPA1 revealed continued activity for Ͼ25 min that was reversibly reduced by menthol, a TRPA1 blocker (Fig. 2) (Macpherson et al., 2006) . This suggests that formaldehyde activates TRPA1 through covalent modification, similar to the activation mechanism of mustard oil and cinnamaldehyde.
We also investigated the effect of formaldehyde on TRPA1 in native cells. We found that formaldehyde activates the population of DRG neurons that responds to the TRPA1 activator mustard oil (Fig. 3A) . DRG neurons cultured from TRPA1-deficient mice Kwan et al., 2006) were insensitive to formaldehyde but retained capsaicin-evoked TRPV1 activity (Fig. 3B) . Therefore, TRPA1 is solely responsible for the Ca 2ϩ influx observed in DRG neurons induced by this nonselective reactive compound.
We next asked whether TRPA1 is involved in mediating nociception elicited by formaldehyde (formalin) injection. It is generally assumed that the pain caused by formaldehyde is attributable to nonspecific mechanisms of tissue damage (Tjolsen et al., 1992; Metz et al., 2004) . We tested the response of wild-type and TRPA1-deficient littermates to 0.2% (66 mM) formaldehyde intraplantar injection in the hindpaw through analysis of nociceptive behavior during acute (0 -10 min postinjection) and inflammatory (10 -30 min) phases (Tjolsen et al., 1992) . Remarkably, TRPA1-deficient mice displayed strongly impaired nociceptive responses to formaldehyde injections (Fig. 3C) .
The role of TRPA1 in sensing pain is not specific to formaldehyde-induced chemical damage. IA, a general cysteinereactive reagent, specifically activated TRPA1 (Figs. 1C, 4A , B) (Macpherson et al., 2007) . Although IA has not previously been tested in pain behavioral assays, we found that 15 mM IA injections in the hindpaw induced acute nociceptive responses in wild-type mice. Dramatically, these behaviors were absent in TRPA1-deficient mice (Fig. 4C) . Our data suggest that TRPA1 is a chemical nocisensor with broad specificity in vivo. It is surprising that a single ion channel plays such an essential role in propagating the pain response to chemicals that mediate widespread protein modification and tissue damage.
Note. Trevisani et al. (2007) and McNamara et al. (2007) very recently reported the action of 4-HNE and formaldehyde on TRPA1, respectively. ) . B, Bath application of 1 mM formaldehyde increases channel activity with a latency of ϳ1 min (representative traces are shown). C, Channel activity is still observed after washout of formaldehyde [shown are representative traces (i.e., every third sweep) acquired 2-3 min after initiation of washout]. In A-C, membrane voltage was held at Ϫ50 mV and ramped to ϩ120 mV over 840 ms and maintained at ϩ120 mV for 85 ms before returning to the holding potential (below C). Voltage ramps were applied every 5 s. The duration of each sweep is 1 s. D, Diagram of the experimental protocol. The solution used in the bath and pipette was deplete of calcium. The chamber was continuously perfused at 27°C. E, Averaged current traces (every third sweep) are shown for the first 200 s in the control solution (black; n ϭ 13 sweeps), after formaldehyde-induced current activity stabilized during washout (magenta; n ϭ 9 sweeps), during application of 300 M (Ϫ)menthol (green; n ϭ 7 sweeps), and during washout of (Ϫ)menthol (blue; n ϭ 13 sweeps). TRPA1 activity continued for 25 min before membrane integrity was lost. In five other experiments, similar results were obtained. TRPA1 activity was maintained for 23 Ϯ 9 min (n ϭ 6) after washout of formaldehyde (note that this is an underestimate because of loss of membrane integrity). 
